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Abstract. - Magnetic, electric and structural properties of Lao.96-j;Ndj;Ko.o4Mn03+i with 
0< y <0.4 have been studied experimentally. A disordered magnetic state is formed as La is 
substituted by Nd, reflecting the competition between ferromagnetic (FM) double exchange 
and antiferromagnetic superexchange interactions. Key structural parameters are identified 
and correlated with changes in magnetic and electric properties. By application of a large 
magnetic field, spin disorder scattering is removed, creating a new magnetoresistance peak at a 
temperature lower than the first near- Tc peak. Time dependent zero-field-cooled magnetisation 
measurements have been performed for y=QA around this temperature. A reentrant spin glass 
(RSG) transition is evidenced, with low field ageing properties in both the RSG and FM phases, 
similar to those observed in archetypal spin glass materials. 



Introduction. - The doped manganite compounds Ri_j,Aj,Mn03 (R=rare earth; A^alkali- 
ne earth) have been intensively investigated concerning their colossal magnetoresistance (CMR) 
properties Simultaneous ferromagnetic (FM) and metallic properties in these manganese 
oxides are attributed to double exchange Q (DE) interaction between pairs of Mn^+ (^igCg) 
and Mn'*+ (tjg) ions. Substitution of cations with different sizes at the rare earth sites re- 
sults in lattice distortions that may influence the ferromagnetic DE and the antiferromagnetic 
(AFM) superexchange interactions differently, for instance increasing the importance of the 
AFM interactions with respect to the FM interactions. This can create various forms of 
magnetic disorder, thereby also affecting the transfer integral for itinerant Cg electrons which 
depends on the relative spin orientation of the localized t2g moments; tij oc cos{9ij/2), where 
9ij is the angle between moments i and j (sj. In systems with ferromagnetic DE interac- 
tion dominating, the AFM interactions may still cause magnetic disorder and frustration and 
the system is in this case expected to show a low temperature reentrant spin glass (RSG) 
phase [^,|^. When such a system is cooled from a high temperature, it first exhibits a tran- 
sition from a paramagnetic (PM) to a ferromagnetic (FM) phase. If the cooling proceeds, a 
transition to a RSG phase occurs. Indications of such a transition have already been reported 
for CMR compounds, but without presenting convincing experimental evidences for its ex- 
istence. Usually, the authors consider that a low temperature cusp in the zero-field-cooled 
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(ZFC) magnetisation, leading to a difTerence between the ZFC and field cooled (FC) magneti- 
sation curves at low temperatures, is enough to evidence a low temperature RSG phase |^-^. 
Ac-susceptibility measurements are sometimes added; a frequency dependent ac-susceptibility 
is then attributed to the RSG phase [p^|-p^. But, even if these features are indicative of 
a deviation from a perfectly ordered ferromagnetic state, they are not sufficient to prove a 
low temperature RSG phase. Moreover, it is possible to envisage other disordered magnetic 
phases resulting from a competition between ferromagnetic DE and antiferromagnetic su- 
perexchange interactions. Low temperature spin canted AF and FM phases were suggested 
in the pioneering work of de Gennes More recent work indicates that the canted phase is 
unstable against electronic phase separation and the formation of hole rich ferromagnetic and 
hole undoped antiferromagnetic regions [p^,p^. Thus, other and complementary experiments 
must be performed to dissolve the details of the magnetic phase diagram of the manganese 
perovskites. For example in a disordered and frustrated magnetic system like a spin glass, 
the zero-field cooled (ZFC) magnetisation relaxes in a characteristic way if the temperature 
is kept constant; therefore time-dependent ZFC magnetisation measurements may be used to 
study the evolution of the spin configuration and the possible occurrence of a RSG phase. 
In the present study, we investigate effects of ion size mismatch induced by replacing La'^+ 
with Nd^"*" in the manganese oxide Lao.96-i/Ndj,Ko.o4Mn03+5. A RSG phase transition, cre- 
ating a second peak in the magnetoresistance when applying a sufhciently large magnetic 
field, is revealed from ZFC relaxation measurements. The results give evidence in support 
of a recent proposal that the AFM superexchange interaction is one mechanism responsible 
for spin disorder and that the DE ferromagnetic interaction is more strongly affected by a 
variation of the Mn — O ~ Mn bond with cation substitution |15|. 



Samples and Experiments. - Single-phase Lao.96-aNdj,Ko.o4Mn03+5, with y ranging 
from to 0.4 in steps of 0.1 were prepared by soHd state reaction between La203, Nd203, 
Mn02 and K2CO3 in stoichiometric proportions. Substitution of Nd^+ at the La'^"'' site, Nd'^"'" 
having a smaller ionic radius, modifies the Mn — O — Mn bond angle and the Mn — O bond 
length. Structure and composition of the obtained compounds were checked by room tempera- 
ture x-ray diffraction (XRD) on a high resolution STOE transmission diffractometer equipped 
with a position-sensitive detector. The scanning range was 10°- 90° and CuKai radiation was 
used for all data collections. We observe a change in structure from rhombohedral R — 3C to 
orthorhombic Pnma; Table | gives a summary of the structural data; the change from R — 3C 
to Pnma at an average A-site ionic radius < va >— 1.225 Ais in full agreement with earlier 
reports ||l^. For y = 0.1, with < ta >— 1.224 A, it was necessary to include a mixture of the 
rhombohedral and the orthorhombic structures in the refinements. 

Low field ac-susceptibility measurements, xifjT) — x'UjT) + x"if,T), were performed in 
a LakeShore ac-susceptometer. Measurements of resistivity and magnetoresistance were per- 
formed using a Maglab 2000 system from Oxford Instruments; the magnetoresistance is defined 
as (i?o — Rh)/ Rq- Finally, time dependent ZFC magnetisation measurements were performed 
in a non-commercial SQUID magnetometer p^ . The sample was cooled in zero field from a 
temperature above Tc to the measurement temperature. After a waiting time (tw), a weak 
magnetic field (7J=0.05 to 1 Oe) was applied and the magnetisation M{t) recorded vs. obser- 
vation time t. The relaxation rate, defined as S{t) — H^^ dM/dlog t, was derived from these 
measurements. 

Results and discussion. - The main frame of Fig. |l| shows x'{f) a-nd x"{f) tem- 
perature for the y — Q and y = 0.4 samples. The Curie temperature (Tc), defined from the 
inflection point in decreases with increasing Nd doping. At the same time, a frequency 
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dependent knee is created in the in-phase component of the ac-susceptibihty at a temper- 
ature Tf{f) < Tc, corresponding to a large and hkewise frequency dependent peak in the 
out-of-phase component; Tf{f) decreases with increasing Nd doping. This more pronounced 
frequency dependence of x indicates that the magnetic state is more disordered at low tem- 
peratures. The magnetic disorder is a consequence of changes in the crystal structure induced 
by replacing La^+ with Nd^+. The smaller Mn - O - Mn bond angle (cf. Table |) will 
affect (decrease) not only the DE hopping integral between eg(Mn)-2po.(0)-eg(Mn) orbitals 
but also the AFM superexchange hopping integral between t2g(Mn)-2p^(0)-i2g(Mn) orbitals. 
However, due to the nature of the dp7r hybridization, the AFM interaction is expected to be 
less influenced by changes in bond angle and will thus, relative to the FM DE interaction, 
increase in importance. The strong effect on the DE interaction is confirmed by the variation 
of the ferromagnetic transition temperature with bond angle presented in the insert of Fig. |l[ 
In passing we note that disorder in the magnetic interactions may lead to one of several pos- 
sible, distinctly different magnetic states; a spin canted state a state with electronic phase 
separation between ferromagnetic and antiferromagnetic regions jl^, or a RSG state 
It is important to realize that these possible magnetic states are expected to display quite dif- 
ferent magnetic and electrical behaviors, something which will discussed more in detail below. 
Fig. ^ (a) presents the zero-field resistivity vs. temperature for all samples. A metal-insulator 
(M-I) transition occurs for Nd dopings y — and y = O.I at a temperature close to Tc- As the 
Nd doping further increases the resistivity increases and no clear M-I transition is observed; 
the resistivity at low temperatures increases with decreasing temperature. By application of 
a large magnetic field, the spin disorder scattering induced by competing FM and AFM inter- 
actions is removed, creating a new magnetoresistance peak at a temperature lower than the 
first near- Tc peak (see Fig. || (b)); for i/=0.4, this second peak is larger in magnitude than the 
first one. The second peak in the magnetoresistance appears at a temperature close to Tf(f), 
suggesting a correlation between these different experimental observations. This is confirmed 
re-measuring x" with a superimposed dc field, as shown in Fig. |^. The dissipation is strongly 
suppressed by the dc field; at Hdc—W'^ Oe, the frequency dependent (cf. insert of Fig. ||) 
peaks in x" are still observed, shifted slightly to lower temperature, while at Hdc=iO'^ Oe, 
the dissipation is very weak and the RSG like features are no longer observed. This indicates 
that, since the second peak in the magnetoresistance at Tf continues to develop increasing 
the field further (cf. Fig. |^ (b)), weak magnetic disorder remains, in the sense that the spin 
system is not fully coUinear even after suppressing the slow spin dynamics of the RSG phase. 
The frequency dependence of the ac-susceptibility and the absence of a M-I transition for larger 
Nd dopings suggest that the ferromagnetic spin arrangement and the electronic configuration 
are perturbed. A transition from a FM metallic to an AFM partially charge ordered state 
with electronic phase separation of antiferro- and ferromagnetically ordered regions will result 
in a sharp decrease of x' a-t the transition temperature as well as a likewise sharp increase of 
the resistivity Moreover, in partially charge ordered systems, application of a magnetic 
field drastically modifies the transport behavior; a relatively modest magnetic field will turn 
the insulating state to a metallic state These characteristics are not observed in the 

presently investigated manganite system. 

Another explanation for the observed spin-disorder is that a spin glass phase appears at low 
temperatures. One actually refers to a reentrant spin glass phase since the disordered magnetic 
phase appears at temperatures below where an ordered (ferromagnetic) phase first appears. 
This kind of samples have been extensively studied in the past, and it has been shown that 
RSG samples exhibit similar relaxation properties as conventional spin glasses In particu- 
lar, the time dependence of the ZFC magnetisation depends on the time used to equilibrate 
the spin system before applying a magnetic field. This dependence is revealed by an inflection 
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point in the M(t) vs. log (t) curve, corresponding to a maximum in the relaxation rate S(t) 
curve, at an observation time close to the waiting time t The phenomenon is called age- 

ing, and is an inherent property of disordered and frustrated spin systems, while this property 
is not expected to be part of the spin canted phase originally described by de Gennes 
Time dependent ZFC magnetisation measurements have been performed for the sample y=OA 
to study the behavior of the magnetic relaxation at temperatures both below and above the 
temperature where the disordered magnetic state appears. Fig. ^ (a) shows the relaxation 
rate S{t) for T = 50K (below Tf{f)) and T = llOK (above 7/(/)), for different magnetic 
fields. The sample displays clear ageing behavior at both temperatures, with a waiting time 
dependence similar to that observed for ordinary spin glasses pO[ | as shown in the insert of 
Fig. ^ explicitly proving the RSG nature of the low temperature transition. The magnitude 
of the observed ageing phenomenon as well as the magnitude of the peak in x"{T) prove 
the effect to be intrinsic to the material rather than confined to a possible spin disorder at 
grain boundaries. Also, as shown in Fig. ^ (b) the relaxation rate for T — 50K indicates 
linear response of the magnetisation up to (relatively) high fields in the RSG phase. In the 
ferromagnetic phase (see Fig. ^ (b)), the response is non- linear even in weak magnetic fields 
and the ageing phenomenon is gradually suppressed when increasing the magnetic field, as it 
has also been observed in conventional reentrant spin glass materials . 

Conclusion. - The resistivity of the Lao.96-j/Ndj^Ko.o4Mn03_|_5 system increases with in- 
creasing y while the Curie temperature decreases, both observations indicating a lesser degree 
of FM double exchange interaction in favor of AFM supcrexchange interaction. The com- 
petition between FM and AFM exchange interactions results in spin disorder and frequency 
dependent characteristics of the ac-susceptibility; a frequency dependent peak in x"{fiT) is 
observed at a temperature Ty(/) < Tc. The spin disorder is also evidenced by a second mag- 
netoresistance peak at a temperature close to Tf{f). Time dependent ZFC magnetisation 
measurements show ageing phenomena, both below and above Tf(f), revealing the identity 
of the low temperature disordered magnetic state to be a reentrant spin glass phase. These 
results show the significance of the AFM supcrexchange interaction between localized t2g (Mn) 
moments and how by substitution of cations it is possible to control its magnitude relative to 
the magnitude of the ferromagnetic DE interaction. 
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Table I - Structural data for all compositions: average A-site ionic radius <rA> (A), average bond 
length Mn — O (A), bond angle Mn — O — Mn (degrees), and Curie temperature (K); < r^ > is 
calculated using data from p3] . 
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Fig. 1 - In-phase component of the ac-susceptibility for y=Q and y=QA. For y=QA, the out-of-phase 
component is added, and two frequencies are presented (/=125 Hz and 1000 Hz in dotted lines). The 
insert shows the variation of Tc with the Mn — O — Mn bond angle. 
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Fig. 2 - Temperature dependence of (a) zero magnetic field resistivity (log. scale) and (b) magne- 
toresistance for i^=5xl0'' Oe; the magnetic field is perpendicular to current. 
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Fig. 3 - Out-of-phase component of the ac-susceptibility for y=OA. Hac='i- Oe, and /=125 Hz. A dc 
field Hdc is superimposed. The inset shows the frequency dependence of the low temperature peak 
for Hac=l Oe and Hdc=WOO Oe. 
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Fig. 4 - Relaxation rate S{t) at T — 50K (a) and T = llO-ftT (b) for different applied probing fields; 
tyj = 1000 s. The insert shows the waiting time dependence of S{t) for both temperatures; three 
diflferent waiting times are used: tw = 100s (open circles), 1000s (line) and 10000s (filled circles); 
Hdc=0.1 Oe. 



